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1
SEMICONDUCTOR APPARATUS

TECHNICAL FIELD

The disclosure relates to a semiconductor apparatus and a
system using a p-type oxide semiconductor.

BACKGROUND

As a next-generation switching device capable of realiz-
ing high withstand voltage, low-loss, and high heat resis-
tance, a semiconductor apparatus using galllum oxide
(Ga,0;) having a large bandgap 1s paid attention, and
application to power semiconductor devices such as mvert-
ers 1s expected. Moreover, due to its band gap, 1t 1s also
expected to be applied as a light emitting device such as an
LED and a sensor. According to Non-Patent Document 1, a
band gap of the gallium oxide can be controlled by making
mixed crystal such as mixing indium and aluminum, respec-
tively, or mixing by combining mdium and aluminum. It
constitutes a material which 1s extremely attractive as a
InAlGaO type semiconductor. Here, InAlGaO type semi-
conductor denotes In,Al,Ga 0O, (0=X<2, 0<Y=2, 0=7<2,
X+Y+7=1.5to 2.5), and can be viewed as the same material
system as one containing gallium dioxide.

In recent years, gallium-oxide-based p type semiconduc-
tors have been investigated, and, for example, 1n Patent
Document 1, it 1s described that substrates exhibiting p type
conductivity are obtained by forming [p-Ga,O; based crys-
tals by the FZ method using MgO (p-type dopant source).
Patent Document 2 describes that a p type dopant 1s injected
into an o.-(Al Ga,_ ),0; single-crystal film formed by MBE
method to form a p type semiconductor. However, it 1s
virtually diflicult to manufacture p type semiconductors by
using these methods (see Non-Patent Document 2), and 1t
has not been reported that p type semiconductors have been
successiully manufactured by these methods. Therefore, 1t
has been desired to realize a p type oxide semiconductor and
a manufacturing method thereof.

In addition, as described 1in Non-Patent Document 3 and
Non-Patent Document 4, the use of, for example, Rh,O; or
/nRh,O, for p type semiconductors has been investigated,
however, Rh,O; has problems that the raw material density
1s particularly thin during deposition step and atlects depo-
sition, and even if organic solvents are used, 1t has been
dificult to produce Rh,O; single crystals. In addition, even
if the Hall-effect measurement 1s performed, 1t 1s not deter-
mined to be a p type, and the measurement itself 1s not
completed, and the measured values, for example, Hall
coellicients 1indicate equal to or lower than the measurement
limit (0.2 cm®/C), and therefore, they have not been used. In
addition, due to the low mobility of ZnRh,O,, and the narrow
band gaps, there are problems that can hardly applied to
LEDs and power devices, and these were not necessarily
satisfactory.

Other than Rh,0O, and ZnRh,O,, a variety of p-type
dioxide semiconductors have been examined as wide band
gap semiconductors. Patent Document 3 describes the use of
delafocyte, oxychalcogenide, or the like as a p-type semi-
conductor. However, there 1s also a problem that these
semiconductors have a mobility of about 1 cm*/V's or less,
clectrical characteristics are poor, and pn coupling with n
type next-generation dioxide semiconductors such as
a.-Ga,; cannot be realized.

Conventionally, Ir,O, 1s known. For example, Patent
Document 4, describes using Ir,O, as an iridium catalyst.
Further, Patent Document 5 describes using Ir,O, for a
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dielectric. Further, Patent Document 6 describes using an
Ir,O, for the electrodes. However, it was not known using
Ir,O, for p type semiconductors. Recently, the applicants
have examined the use of Ir,O; as p type semiconductors,
and research and development are proceeding.
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SUMMARY OF THE

DISCLOSURE

Technical Problem

An object of the disclosure 1s to provide a semiconductor
apparatus capable of keeping a semiconductor characteris-
tics and realizing excellent semiconductor properties even
when using n type semiconductor (gallium oxide, for
example) or the like having a low-loss at a high voltage and
having much higher dielectric breakdown electric field
strength than Si1C.

Solution to Problem

The inventors have intensively studied 1n order to achieve
the above object, succeeded 1n creating a crystalline p type
oxide semiconductor film, were further studied, and have
found that such a p type oxide semiconductor film can be
used for a p well layer. In addition, without impairing the
semiconductor properties ol an n type semiconductor (gal-
lium oxide, for example) or the like having a low-loss at a
high voltage and having much higher dielectric breakdown
clectric field strength than S1C, such a p type oxide semi-
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conductor film can be used for a semiconductor apparatus,
and the semiconductor apparatus having such a structure can
solve the problems described above.

In addition, the inventors have further studied after the
above-mentioned findings was obtained, thereby completing
the disclosure. That 1s, the disclosure relates to the follow-
ngs.

[1] A semiconductor apparatus including at least an n type
semiconductor layer and a p+ type semiconductor layer,
wherein the n type semiconductor layer includes a crystal-
line oxide semiconductor containing a metal of Group 13 of
the periodic table as a main component, and the p+ type
semiconductor layer includes a crystalline oxide semicon-
ductor containing a metal of Group 9 of the periodic table as
a main component.

[2] The semiconductor apparatus according to [1], wherein
the p+ type semiconductor layer contains a crystal of a metal
oxide containing iridium or a mixed crystal thereof as a main

component.

|3] The semiconductor apparatus according to [1] or [2],
wherein the p+ type semiconductor layer contains a crys-
talline oxide semiconductor having a corundum structure as
a main component.

[4] The semiconductor apparatus according to any one of [1]
to [3], wherein the n type semiconductor layer contains a
crystal of a metal oxide containing gallium or a mixed
crystal thereol as a main component.

[ 5] The semiconductor apparatus according to any one of [1]
to [4], wherein the n type semiconductor layer contains a
crystalline oxide semiconductor having a corundum struc-
ture as a main component.

|6] The semiconductor apparatus according to any one of [1]
to [5], wherein the semiconductor apparatus includes an
insulated gate type semiconductor device or a Schottky gate.
[ 7] The semiconductor apparatus according to any one of the
above [1] to [6], Turther including a Schottky barrier struc-
ture.

[8] A semiconductor apparatus according to any one of the
foregoing [1] to [7], wherein the semiconductor apparatus
includes a power device.

[9] A semiconductor apparatus according to any of the
foregoing [1] to [8], wherein the semiconductor apparatus
includes a power module, an mverter or a converter.

[10] A semiconductor system including a semiconductor
apparatus, wherein the semiconductor apparatus 1s a semi-
conductor apparatus according to any of the [1] to [9].

Advantageous Effect

The disclosure can realize an excellent semiconductor
apparatus, with a p-type oxide semiconductor film appli-
cable to the p-well layer, capable of keeping characteristics
thereol, even when using n type semiconductor (galllum
oxide, for example) or the like having a low-loss at a high

voltage and having much higher dielectric breakdown elec-
tric field strength than Si1C.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a schematic configuration diagram 1illustrating a
deposition apparatus used in a reference example.

FIG. 2 1s a schematic configuration diagram 1llustrating a
deposition apparatus (mist CVD apparatus) used 1n a com-
parative reference example.

FI1G. 3 1s a diagram 1llustrating XRD measurement results
in reference examples and comparative reference examples.
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The honizontal axis shows a difiraction angle (deg.), the
vertical axis shows a diffraction intensity (arb. unit).

FIG. 4 1s a diagram 1illustrating AFM surface observation
results 1n the reference example.

FIG. 5 1s a diagram 1illustrating AFM surface observation
results 1n the comparative reference example.

FIGS. 6A and 6B are diagrams 1llustrating the observation
results of cross-sectional SEM. FIG. 6A illustrates the
observation results of the cross-sectional SEM of the refer-
ence example, and FIG. 6B illustrates the observation results
of the cross-sectional SEM of the comparative reference
example.

FIG. 7 1s a schematic diagram 1illustrating a suitable
example of a power supply system.

FIG. 8 1s a schematic diagram illustrating a suitable
example of a system apparatus.

FIG. 9 1s a schematic diagram illustrating a suitable
example ol a power supply circuit diagram of the power
supply apparatus.

FIG. 10 1s a schematic diagram illustrating an example of
a metal-oxide-semiconductor ficld-effect transistor (MOS-
FET).

FIG. 11 1s a schematic diagram illustrating a preferred
manufacturing method of the metal-oxide-semiconductor
field-eflect transistor (MOSFET) of FIG. 10.

FIG. 12 1s a diagram 1llustrating a preferred manufactur-

[

ing method of the metal-oxide-semiconductor field-eflect
transistor (MOSFET) of FIG. 10.

FIG. 13 1s a diagram illustrating the results of I-V
measurement in the reference example.

DESCRIPTION OF EMBODIMENTS

Heremaftter, preferred embodiments of the disclosure waill
be described.

The semiconductor apparatus of the disclosure 1s a semi-
conductor device including at least an n type semiconductor
layer and a p+ type semiconductor layer, wherein the n type
semiconductor layer includes a crystalline oxide semicon-
ductor containing a Group 13 metal of the periodic table as
a main component, and the p+ type semiconductor layer
includes a crystalline oxide semiconductor containing a
Group 9 metal of the periodic table as a main component.

The p+-type semiconductor layer 1s not particularly lim-
ited as long as 1t contains a crystalline oxide semiconductor
containing a metal belonging to Group 9 of the periodic table
as a main component. The “main component” means that the
crystalline oxide semiconductor 1s contained 1n an atomic
ratio of preterably 50% or more, further preferably 70% or
more, yet preferably 90% or more, with respect to all
components of the p type oxide semiconductor, and can be
100%. In the disclosure, it 1s preferable that the p+ type
oxide semiconductor layer contains a crystal or a mixed
crystal of a metal oxide containing iridium. Here, “iridium-
containing metal dioxide” means that it includes iridium
elements and oxygen. It 1s preterably Ir,O, and more pret-
erably a-Ir,O; 1n the disclosure. Note that it 1s also prefer-
able that the p type oxide semiconductor contains iridium
and a metal of Group 2 of the periodic table, a metal of
Group 9 other than 1ridium, or a metal of Group 13 when the
p type oxide semiconductor layer contains a mixed crystal.
According to the examples specified above, a band gap of
2.4 eV or more can be obtained, so that a wider band gap and
more excellent electric characteristics can be achieved in the
p type oxide semiconductor. In the disclosure, the band gap
of the p type oxide semiconductor 1s preferably 2.0 €V or
more.
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In the above description, the term “periodic table” means
the periodic table defined by the International Union for
Pure and Applied Chemistry (IUPAC).

The “Group 2 metal” may be any metal of Group 2 of the
periodic table, and examples of the Group 2 metal include
beryllium (Be), magnesium (Mg), calctum (Ca), strontium
(Sr), barium (Ba), or two or more of these metals. The
“Group 9 metal” may be any metal of Group 9 of the
periodic table, mncluding, for example, iridium (Ir), cobalt
(Co), rhodium (Rh), or two or more of these metals. The
“Group 13 metal” may be any metal of Group 13 of the
periodic table, including, for example, aluminum (Al), gal-
lium (Ga), indium (In), thallium (T1), or two or more of these
metals. In the disclosure, one or two or more metals selected
from aluminum (Al), gallium (Ga) and indium (In) are
preferable.

The p type oxide semiconductor as a main component of
the p+ type semiconductor layer may e a single crystal, may
be a polycrystal, and preferably a single crystal. Examples of
the crystal structure of the crystalline oxide semiconductor
include a corundum structure, a 3-gallia structure, an e-type
crystal structure, and 1n the disclosure, 1t 1s preferable to
have a corundum structure.

As a preferable means for forming the p+ type oxide
semiconductor include means for performing crystal growth
by thermal reaction on a substrate using a metal oxide gas as
a raw material, for example, and more specifically, by using
a deposition apparatus shown 1n FIG. 1, followed by steps of
sublimating (sublimation) a solid substance (powder, for
example) of the metal oxide gas and growing crystal (crystal
growth) on a substrate.

(Sublimation Step)

In the sublimation step, a solid substance of the metal
oxide gas (powder, for example) 1s sublimed to form a
gaseous state, thereby obtamning a metal oxide gas.
Examples of the metal oxide gas include metal oxides of
metals contained 1n the gaseous p type oxide semiconductor
film, but the valence and the like of the metal oxides are not
particularly limited and may be monovalent, divalent, tri-
valent or tetravalent as long as they do not deviate the object
of the disclosure. In the embodiment, a IrO, gas 1s preferably
used as the metal oxide gas when the p type oxide semi-
conductor film includes a metal oxide containing iridium as
a main component. Examples of the sublimation means
include heating means. The heating temperature i1s not
particularly limited, but 1s preferably 600° C. to 1200° C.,
and more preferably 800° C. to 1000° C. In the disclosure,
it 1s preferable that the metal oxide gas obtained by subli-
mation 1s transported to the substrate by a carrier gas. The
type of the carrier gas 1s not particularly limited as long as
it does not deviate the object of the disclosure. Examples of
the carrier gas include an 1nert gas such as oxygen, ozone,
nitrogen, or argon, or a reducing gas such as a hydrogen gas
or a forming gas. In the disclosure, 1t 1s preferable to use
oxygen as the carrier gas. Examples of the carrier gas in
which oxygen 1s used include air, oxygen gas and ozone gas,
and particularly, oxygen gas and/or ozone gas are preferable.
In addition, the type of the carrier gas may be one type, but
may be two or more types. A dilution gas in which concen-
tration of the carrier gas changes (a 10-fold dilution gas, for
example) may be further used as the second carrier gas. The
carrier gas may be supplied not only at one point but also at
two or more points. The flow rate of the carrier gas 1s not
particularly limited, but 1s preferably 0.01 to 20 L/min, more
preferably 0.1 to 10 L/min.

The substrate 1s not particularly limited as long as 1t can
support the p+ type semiconductor layer. The material of the

10

15

20

25

30

35

40

45

50

55

60

65

6

substrate 1s not particularly limited as long as it does not
deviate the object of the disclosure, and may be a known
substrate, an organic compound, or an 1morganic compound.
The shape of the substrate may be any shape, and the
substrate performs eflectively for any shape. Examples of
the shape include plate-like such as a flat plate or a disc,
fiber-like, rod-like, columnar, prismatic, cylindrical, spiral,
spherical, ring-like, and 1n the disclosure, a plate-like sub-
strate 1s preferable. The thickness of the substrate 1s not
particularly limited 1n the disclosure.

The substrate 1s not particularly limited as long as 1t has
a plate shape and serves as a support for the p+ type
semiconductor layer. The substrate may be an insulator
substrate, a semiconductor substrate or a conductive sub-
strate, however, 1t 1s preferable that the substrate 1s an
insulator substrate. It 1s also preferable that the substrate has
a metal film on its surface. The substrate preferably has a
corundum structure, for example. The substrate material 1s
not particularly limited as long as 1t does not deviate the
object of the disclosure, and may be a known material. As
the substrate having the corundum structure, for example, a
base substrate having a substrate material having the corun-
dum structure as a main component can be selected, and
more specifically, for example, a sapphire substrate (prefer-
ably a c-plane sapphire substrate) or an a.-type gallium oxide
substrate can be selected. Here, the “main component”
means that the substrate material having the specific crystal
structure 1s contained 1n an atomic ratio of preferably 50%
or more, further preferably 70% or more, and yet further
preferably 90% or more with respect to all components of
the substrate material, and can be 100%.

(Crystal Growth Step)

In the crystal growth step, the metal oxide gas 1s crystal-
grown 1n the vicimity of the substrate surface to deposit on
part of or all the substrate surface. The crystal growth
temperature 1s preferably lower than the heating temperature
of the sublimation step, more preferably 900° C. or less, and
most preferably 500° C. to 900° C. The crystal growth may
be performed under any of a vacuum, a non-oxygen atmo-
sphere, a reducing gas atmosphere, and an oxidizing atmo-
sphere, and may be performed under any of atmospheric
pressure, pressure, and reduced pressure as long as the
object of the disclosure 1s not deviated, but 1n the disclosure,
it 1s preferable to perform under an oxidizing atmosphere,
preferably under atmospheric pressure, and more preferably
under an oxidizing atmosphere and at atmospheric pressure.
Note that the “oxidizing atmosphere” 1s not particularly
limited as long as 1t 1s an atmosphere 1n which crystals or
mixed crystals of a metal oxide can be formed. For example,
an oxidizing atmosphere can be obtained by using a carrier
gas containing oxygen or an oxidizing agent. The film
thickness can be set by adjusting the deposition time, and in
the disclosure, the film thickness 1s preferably 1 nm to 1 mm,
more preferably 1 nm to 100 um from the perspective of
improvement of the semiconductor characteristics, and most
preferably 1 nm to 10 um.

In the disclosure, deposition can be made directly on the
substrate. However, it may be possible to deposit on the
substrate via another layer after laminating the another layer
different from the p+ type semiconductor layer (p type
semiconductor layer, p— type semiconductor layer, n type
semiconductor layer, n+ type semiconductor layer, n— type
semiconductor layer, for example), an insulator layer (in-
cluding a semi-insulator layer) or a bufller layer. As the
semiconductor layer and the msulator layer, a semiconductor
layer and an 1nsulator layer including the group 13 metal, for
example. As the bufler layer, a semiconductor layer includ-
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ing a corundum structure, an 1sulator layer or a conductor
layer, for example, are preferably selected. Semiconductor
layers including the corundum structure described above
include, a-Fe,O;, a-Ga,0O; and a-Al,O;, for example. The
means for laminating the bufler layer i1s not particularly
limited, and may be the same as the means for forming the
p-type oxide semiconductor.

The n- type semiconductor layer 1s not particularly lim-
ited as long as 1t contains a crystalline oxide semiconductor
containing a metal belonging to Group 13 of the periodic
table (Al, Ga, In and TI, for example) as a main component.
In the disclosure, 1t 1s preferable that the n type semicon-
ductor layer contains a crystal of a metal oxide containing
gallium or a mixed crystal as a main component. The n type
oxide semiconductor as a main component of the p+ type
semiconductor layer may e a single crystal, may be a
polycrystal, and preferably a single crystal. Examples of the
crystal structure of the crystalline oxide semiconductor
include a corundum structure, a 3-gallia structure, an e-type
crystal structure, and 1n the disclosure, 1t 1s preferable to
have a corundum structure. In the disclosure, 1t 1s preferable
to form an n type semiconductor layer before or aiter the
deposition of the p+ type semiconductor layer. More spe-
cifically, in the method of manufacturing a semiconductor
apparatus, 1t 1s preferable to include a step of laminating at
least a p+ type semiconductor layer and an n type semicon-
ductor layer. The means for forming the n type semicon-
ductor layer 1s not particularly limited and may be a known
means, but a mist CVD method i1s preferable 1n the disclo-
sure.

In the disclosure, it 1s preferable that the semiconductor
apparatus further includes a channel layer. The channel layer
1s not particularly limited as long as a channel 1s formed, and
may have n type conductivity or p type conductivity, but in
the disclosure, part of or whole the channel layer contains
the p type oxide semiconductor 1s preferable. The p type
oxide semiconductor used for the channel layer may be the
same as the crystalline oxide semiconductor which 1s a main
component of the p+ type semiconductor layer, or may have
a composition different from that of the crystalline oxide
semiconductor which 1s a main component of the p+ type
semiconductor layer. The means for forming the channel
layer may be a known means, but in the disclosure, it 1s
preferable that the means for forming the channel layer 1s the
same as the means for forming the p+ type semiconductor
layer. The channel layer may be a single layer or a multi-
layer.

In the disclosure, the channel layer may further include an
n type oxide semiconductor. The n type oxide semiconductor
1s not particularly limited, but in the disclosure, 1t preferably
contains a metal of Group 13 of the periodic table (Al, Ga,
In and T1, for example), and more preferably contains Ga.
The n type semiconductor layer preferably contains a crys-
talline oxide semiconductor as a main component, more
preferably contains a crystalline oxide semiconductor hav-
ing a corundum structure or a hexagonal crystal structure as
a main component, and most preferably having a corundum
structure as a main component. Note that the term “main
component” means that the crystalline oxide semiconductor
contains preferably 50% or more, further preferably 70% or
more, and yet further preferably 90% or more of all the
components of the n type semiconductor layer in atomic
ratio, and can be 100%.

The semiconductor apparatus also typically includes a
gate electrode. The material of the gate electrode 1s not
particularly limited as long as it can be used as a gate
clectrode, and may be a conductive iorganic material or a
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conductive organic material. In the disclosure, 1t 1s prefer-
able that the material of the gate electrode i1s metal.
Examples of the metal include at least one metal selected
from Groups 4 to 11 of the periodic table. Examples of the
metal of Group 4 of the periodic table include titanium (T1),
zircommum (Zr) and hainium (H{f), among which Ti 1s pret-
crable. Examples of the metal of Group 5 of the periodic
table include vanadium (V), miobium (Nb) and tantalum
(Ta). Examples of the metal of Group 6 of the periodic table
include one or more metals selected from chromium (Cr),
molybdenum (Mo) and tungsten (W), and in the disclosure,
Cr 1s preferable because the semiconductor characteristics
such as switching characteristics are more Zfavorable.
Examples of the metal of Group 7 of the periodic table
include manganese (Mn), technetium ('Ic) and rhenium (Re).
Examples of the metal of Group 8 of the periodic table
include 1ron (Fe), ruthenium (Ru) and osmium (Os).
Examples of the metal of Group 9 of the periodic table
include cobalt (Co), rhodium (Rh) and indium (Ir).
Examples of the metal of Group 10 of the periodic table
include nickel (N1), palladium (Pd) and platinum (Pt),
among which Pt 1s preferable. Examples of the metal of
Group 11 of the periodic table include copper (Cu), silver
(Ag) and gold (Au).

As the means for forming the gate electrode, some known
methods or the like, and more specifically, a dry method, a
wet method can be applied. Examples of the dry method
include known methods such as sputtering, vacuum evapo-
ration and CVD. Examples of the wet method include screen
printing and die coating.

The semiconductor apparatus of the disclosure typically
includes a source electrode (Schottky electrode) and a drain
clectrode. Known electrode materials may be used for the
source electrode (Schottky electrode) and the drain electrode
as long as they do not deviate the object of the disclosure,
and preferably contain a metal of Group 4 or Group 11 of the
periodic table. Preferred metals of Group 4 or Group 11 of
the periodic table used for the source electrode (Schottky
clectrode) and the drain electrode may be the same as the
metals contained in the gate electrode. Further, the source
clectrode (Schottky electrode) and the drain electrode may
be a single layer of metal or may include two or more metal
layers. The means for forming the source electrode
(Schottky electrode) and the drain electrode 1s not particu-
larly limited, and known means such as a vacuum evapo-
ration method and a sputtering method may be used. The
metal constituting the source electrode and the drain elec-
trode may be an alloy, for example.

Further, in the disclosure, the semiconductor apparatus
preferably includes a Schottky barrier structure, because 1t
reduces the on-voltage and allows to easily flow a free-
wheel current. Further, 1in this case, the Schottky junction
surface 1n the Schottky barrier structure may be tflush with
the bottom surface of the gate electrode, may be provided
above the bottom surface of the gate electrode, or may be
provided below the bottom surface thereof.

Hereinaftter, preferred embodiments of the disclosure will
be described 1n more detail with reference to the drawings
and the like, but the disclosure 1s not limited to these
embodiments.

FIG. 10 shows a semiconductor apparatus suitable for the
disclosure. The semiconductor apparatus illustrated 1n FIG.
10 includes a first n+ type semiconductor layer 11a, an n—
type semiconductor layer 12, a p type semiconductor layer
13, a second n+ type semiconductor layer 115, a p+ type
semiconductor layer 16, a gate electrode 14a, a gate insu-
lating film 15, a Schottky electrode 145 and a drain electrode
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14c¢. In the on-state of the semiconductor apparatus of FIG.
10, when a voltage 1s applied between the source electrode
145 and the drain electrode 14¢, and a charge positive to the
source electrode 145 1s applied to the gate electrode 14a, the
channel 1s formed at the interface of the p type semicon-
ductor layer 13 and the gate nsulating film 14a, thereby 1t
turns on. In the ofl-state, by turning the voltage of the gate
electrode 14a to 0OV, 1t turns ofl. Further, 1n the semicon-
ductor apparatus of FIG. 10, the p type semiconductor layer
13 1s embedded 1n the n- type semiconductor layer 12
deeper than the gate electrode 14a. With such a configura-
tion, 1t 1s possible to reduce the leakage current in the reverse
direction, and improve the withstand voltage.

The means for forming each layer of the semiconductor
apparatus of FIG. 10 1s not particularly limited as long as 1t
does not deviate the object of the disclosure, and may be a
known means. For example, means for patterning by a
photolithography method or means for performing direct
patterning using a printing technique or the like may be
applied after deposition by a vacuum deposition method,
CVD method, a sputtering method or various coating tech-
niques.

A preferable manufacturing process and the like of the
semiconductor apparatus of FIG. 10 will be described with
reference to FIGS. 11 and 12. FIG. 11 A shows a laminated
body 1n which the drain electrode 14¢ 1s laminated on the
first n+ type semiconductor layer 11la and the n- type
semiconductor layer 12, and a source trench i1s formed
thereto. On the n-type semiconductor layer 12 of the lami-
nated body of FIG. 11A, the p type semiconductor layer 13
1s formed, and further to pattern the p+ type semiconductor
layer (p well layer) 16 on the p type semiconductor layer 13
to obtain a laminated body of FIG. 11B. Then, by patterning
the second n+ type semiconductor layer 115 on the p type
semiconductor layer 13 of FIG. 11B, a laminated body of
FIG. 11C 1s obtained. Each forming means 1s not particularly
limited, and may be a known means.

After forming the laminated body of FIG. 11C, by per-
forming etching using a photolithography method, the sec-
ond n+ type semiconductor layer 115, p type semiconductor
layer 13 and the n- type semiconductor layer 12 are partly
removed to form a gate trench, as shown in FIG. 12A.

Therealter, by patterning the gate electrode and the gate

isulating film covering the gate electrode, to obtain a
laminated body of FIG. 12B. The source e¢lectrode 145H 1s

formed on the laminated body of FIG. 12B by the dry
method (preferably, a vacuum evaporation method or a
sputtering method), the wet method, or the like to obtain a
laminated body of FIG. 12C.

Although the second n+ type semiconductor layer 115 and
the p+ type semiconductor layer 16 are connectedly pro-
vided via the source electrode 145 of the semiconductor
apparatus of FIG. 10, the second n+ type semiconductor
layer 115 and the p+ type semiconductor layer 16 can be
directly connected without the source electrode 1456. In the
case where the second n+ type semiconductor layer 115 and
the p+ type semiconductor layer 16 are directly connected,
by providing the p+ type semiconductor layer 16 wider than
the second n+ type semiconductor layer 115, the eflect that
the “hole pass through” 1s improved. Further, by providing
the second n+ type semiconductor layer 1156 wider than the
p+ type semiconductor layer 16, an eflect of on-state resis-
tance 1s reduced. Further, in the semiconductor apparatus of
FIG. 10, by providing the source electrode 146 formed
embedded in the p type semiconductor layer 13, it makes
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possible to have better insulation breakdown characteristics,
due to improved hole pass through during avalanche break-

down.

Such semiconductor apparatus 1s particularly useful for
power devices. As applications of the semiconductor appa-
ratus, a diode or a transistor (MOSFET, JFET and the like)
can be considered, and among them, insulated gate type
semiconductor apparatus (MOSFET, IGBT and the like) or
a semiconductor apparatus having a Schottky gate (MES-
FET and the like) 1s preferred, for example, and more
preferably MOSFET or IGBT.

In addition to the descriptions above, the semiconductor
apparatus of the disclosure 1s suitably used as a power
module, such as an inverter or a converter, by using a known
technique, and 1s suitably used in, for example, a semicon-
ductor system using a power supply device. The power
supply device can be manufactured by connecting the semi-
conductor apparatus to a wiring pattern or the like using
known technique. FIG. 7 shows an example of a power
supply system. FIG. 7 constitutes a power supply system
using a plurality of the power supply device and a control
circuit. The power supply system can be used 1n a system
device 1n combination with electronic circuitry, as shown 1n
FIG. 8. An example of a power supply circuit diagram of the
power supply 1s shown in FIG. 9. FIG. 9 shows a power
supply circuit of a power supply unit including a power
circuit and a control circuit, after switching the DC voltage
at a high frequency by an mverter (constituted by MOSFET
A to D), msulating and transforming by a transformer 1s
performed, after rectification by a rectifier MOSFET (A to
B"), smoothed by a DCL (smoothing coil L1 and 1.2) and a
capacitor, and outputs a DC voltage. At this time, the output
voltage 1s compared with the reference voltage by the
voltage comparator, and the inverter and the rectifier MOS-
FET are controlled by the PWM control circuit to achieve
desired output voltage.

Reference Example 1

Hereinafter, a manufacturing example of a p type oxide
semiconductor film which 1s preferably used in the disclo-
sure will be described.

1. Deposition Apparatus

A deposition apparatus used 1n this reference example will
be described with reference to FIG. 1. In the deposition
apparatus 1 of FIG. 1, a quartz cylinder 2 connected to a
carrier gas supply source and a raw material placement table
4 made of quartz are provided in the quartz cylinder 2, and
the raw material 3 1s mounted on the raw material placement
table 4. A heater 3 1s provided, 1n a cylindrical shape, around
the quartz cylinder 2, and 1s configured to heat the raw
material 5. Further, iside the area of the quartz cylinder 2
the quartz substrate base 1s installed as a susceptor 7, and its
position 1s adjusted so that the susceptor 7 1s within the
crystal growth temperature.

2. Preparation for Deposition

IrO, powder as a raw material 5 was placed on the raw
maternial placement table 4, and a sapphire substrate as a
substrate 6 was placed on the susceptor 7. Next, the tem-
perature of the heater 3 was raised to 850° C., and IrQO,
powder placed on the raw material placement table 4 was
heated to sublimate IrO, powder, thereby producing gaseous
iridium oxide.

3. Deposition

Next, while maintaining the temperature of the heater 3 at
850° C., a carrier gas was supplied from a carrier gas supply
source 1nto the quartz cylinder 2, and the metal oxide gas
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(gaseous 1ridium oxide) generated 1n the process 2 described
above was supplied to the substrate 6 through the quartz

cylinder 2. Note that the tlow rate of the carrier gas was 1.0
[/min, and oxygen was used as the carrier gas. The metal
oxide gas reacted in the vicinity of the surface of the
substrate 6 at atmospheric pressure, whereby a film was
formed on the substrate. The deposition time was 60 min-
utes, and the film thickness was 220 nm. The substrate
temperature at the time of deposition was 600° C.

4. Bvaluation

When the film obtained 1n the process 3 described above
was 1denfified using an X-ray diffraction device, the
obtained film was an o-Ir,O, film. The results of XRD are
shown m FIG. 3. We measured the hole-eflect of the
obtained a.-Ir,O; film, and found that the F-value was 0.998
and the carrier type was “p” and the obtained film was a p
type semiconductor. The carrier density was 1.05x10°*
(/cm”) and the mobility was 3.12 (cm®/V-s). The carrier
density can be easily controlled at 1.0x10'%cm’ to 1.0x
10°°/cm” by adjusting the type and quantity of dopants or the
materials and their content of the mixed crystal.

Further, when the surface of the film was observed using
an atomic force microscope (AFM), as shown 1n FIG. 4, the
surface roughness (Ra) was 3.5 nm, and the surface smooth-
ness was excellent. Note that the surface roughness (Ra),
using the surface shape measurement results for the area in

the size of 90 um square by atomic force microscopy
(AFM), was calculated based on JIS B0601.

Comparative Reference Example 1

1. Deposition Apparatus

With reference to FIG. 2, a mist CVD apparatus used in
the comparative reference example 1s explained. Mist CVD
apparatus 19 includes a susceptor 21 for placing a substrate
20, a carrier gas supply means 22q for supplying a carrier
gas, a tlow control valve 23a for adjusting the flow rate of
the carrier gas supplied from the carrier gas supply means
22a, a carrier gas (dilution) supply means 225 for supplying
a carrier gas (dilution), a flow rate control valve 2356 for
adjusting the flow rate of the carrier gas supplied from the
carrier gas (dilution) supply means 225, a mist generating
source 24 1n which the raw material solution 244 1s housed,
a container 25 i1n which the water 254 1s housed, an
ultrasonic vibrator 26 attached to the bottom surface of the
container 25, a supply tube 27 made of a quartz tube having
an 1nner diameter of 40 mm, and a heater 28 installed in the
peripheral portion of the supply tube 27. Susceptor 21 1s
made of quartz, and 1ts surface for placing the substrate 20
1s inclined from the horizontal plane. Both the supply tube
277 serving as the deposition chamber and the susceptor 21
are made of quartz, thereby suppressing the mixing of
impurities originating from the apparatus into the film
formed on the substrate 20.
2. Preparation of Raw Material Solution

Irndium chloride (iridium concentration: 0.1 mol/L) and
gallium bromide (gallium concentration: 0.1 mol/L) were
mixed 1n ultrapure water, and hydrochloric acid was added
in a volume ratio of 20% to prepare an aqueous solution,
which was used as a raw material solution. The volume ratio
of 1ridium chloride to gallium bromide was 19:1.
3. Preparation for Deposition

The raw maternial solution 24a obtained 1n the process 2
described above was housed in the mist generating source
24. Next, the c-plane sapphire substrate as the substrate 20
was placed on the susceptor 21, and the temperature of the
heater 28 was raised to 750° C. Next, the flow rate control

10

15

20

25

30

35

40

45

50

55

60

65

12

valves 23a and 23b were opened to supply the carrier gas
from the carrier gas supply means 22q and 226 serving as
carrier gas sources into the supply tube 27. After the
atmosphere 1n the supply tube 27 was sufliciently replaced
with the carrier gas, the tlow rate of the carrier gas was
adjusted to 1.0 L/min and the flow rate of the carrier gas
(diluted) was adjusted to 0.5 L/min, respectively. Here,
oxygen was used as a carrier gas.

4. Deposition

Next, the ultrasonic vibrator was vibrated, and the vibra-
tion was propagated to the raw material solution 24a through
the water 25a, whereby the raw material solution 24a was
atomized to generate a mist. The mist was conveyed to the
supply tube 27 by the carnier gas, and the mist thermally
reacted at 750° C. under atmospheric pressure in the vicinity
of the surface of the substrate 20 to form a film on the
substrate 20. The film thickness was 280 nm.

When the film obtained 1n the process 4 described above
was 1dentified using an X-ray diflraction device, the
obtained film was an o-Ir,O, film. The results of XRD are
shown 1 FIG. 3. We measured the hole-eflect of the
obtained o-Ir,O, film, and found that the F-value was 0.998
and the carrier type was “p” and the obtained film was a p
type semiconductor. The carrier density was 2.97x10°'
(/cm”) and the mobility was 0.38 (cm*/V-s). When the film
surface was observed using an atomic force microscope
(AFM), the surface roughness (Ra) was 302 nm as shown 1n
FIG. 5. Note that the surface roughness (Ra), using the
surface shape measurement results for the area in the size of

90 um square by atomic force microscopy (AFM), was
calculated based on JIS B0601.

Reference Example 2 and Comparative Reference
Example 2

Films were obtained 1n the same manner as 1n Reference
Example 1 and Comparative Example 1 except that the
deposition time was longer, and were referred to as Refer-
ence Example 2 and Comparative reference Example 2,
respectively. A cross section of the obtained film was
observed using an SEM. The results are given in FIG. 6. As
1s apparent from FIG. 6, the film obtained in Reference
Example 2 1s in the form of a film, whereas the film obtained
in Comparative Reference Example 2 grows 1n the form of
a needle on its surface, and 1s not 1n the form of a homo-
geneous {1lm.

From the results of the reference example and the com-
parative reference example, 1t can be seen that the p type
oxide semiconductor film suitably used 1n the disclosure 1s
excellent i film quality such as surface smoothness and
crystallimity, and 1s therefore industrially useful, and 1s also
excellent 1n electrical characteristics such as mobility.

Reference Example 3

A p type oxide semiconductor film was obtained in the
same manner as in Example 1 except that the deposition time
was 2 hours. Then, n— type semiconductor layer was lami-
nated on the p type oxide semiconductor film. The n- type
semiconductor layer was laminated by forming a film in the
same manner as 1 Comparative Reference Example 1
except that gallium bromide (gallium concentration: 0.1
mol/L) was mixed with ultrapure water, hydrobromic acid
was added to a volume ratio of 20% to prepare an aqueous
solution, which was used as a raw material solution, the
temperature of the heater was 420° C., and the deposition
time was 30 minutes. The film was an o-Ga,O; film.
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Further, to laminate the n+ type semiconductor layer on
the resulting n-type semiconductor layer. The n+ type semi-
conductor layer was laminated by forming a film 1n the same
manner as in Comparative Example 1 except that gallium
bromide (gallium concentration: 0.1 mol/L) was mixed with
ultrapure water, hydrobromic acid was added to a volume
ratio of 10% to adjust an aqueous solution, and germanium
oxide was added to make the raw material solution, the
temperature of the heater was 390° C., and the deposition
time was 30 minutes.

11 was deposited by sputtering on the n+ type semicon-
ductor layer of the resulting laminate body, then by per-
forming photolithography and etching, to prepare a pn
diode. The resulting pn diode was subjected to I-V mea-
surement. The results are shown 1n FIG. 13. As 1s apparent
from FIG. 13, the p type oxide semiconductor film of the
reference example can realize a favorable PN junction.

INDUSTRIAL APPLICABILITY

Semiconductor apparatus of the disclosure can be used 1n
any field such as semiconductors (compound semiconductor
clectronic devices, for example), electronic components,
clectrical equipment parts, optical and electrophotography-
related devices and industrial devices. Especially, 1t 1s usetul
for power devices because of excellent p type semiconductor
properties.

EXPLANATION OF NUMBERS

1 deposition apparatus

2 quartz tube

3 heater

4 material placement table

5 raw materials

6 substrate

7 susceptor

11a first n+ type semiconductor layer
1156 second n+ type semiconductor layer
12 n type semiconductor layer

13 p type semiconductor layer

14a gate electrode

145 source electrode

14¢ drain electrode

15 gate insulating film

16 p+ type semiconductor layer

17 p+ type semiconductor layer

19 mist CVD apparatus

20 substrate

21 susceptor

22a carrier gas supply means

225 carnier gas (dilution) supply means
23a flow control valve

2356 flow control valve

24 mist generating source

24a raw material solution

25 container

25a water

26 ultrasonic vibrator
27 supply tube
28 heater

29 exhaust port

The invention claimed 1s:

1. A semiconductor apparatus comprising at least an n
type semiconductor layer and a p+ type semiconductor layer,
wherein the n type semiconductor layer includes a crystal-
line oxide semiconductor containing a Group 13 metal of the
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periodic table as a main component, and the p+ type
semiconductor layer includes a crystalline oxide semicon-
ductor containing a Group 9 metal of the periodic table as a
main component.

2. The semiconductor apparatus according to claim 1,
wherein the p+ type semiconductor layer includes a crystal
of a metal oxide containing iridium or a mixed crystal
thereof as a main component.

3. The semiconductor apparatus according to claim 2,
wherein the p+ type semiconductor layer includes a crys-
talline oxide semiconductor having a corundum structure as
a main component.

4. The semiconductor apparatus according to claim 3,
wherein the n type semiconductor layer contains a crystal of
a metal oxide containing gallium or a mixed crystal thereof
as a main component.

5. The semiconductor apparatus according to claim 3,
wherein the n type semiconductor layer includes a crystal-
line oxide semiconductor having a corundum structure as a
main component.

6. The semiconductor apparatus according to claim 2,
wherein the n type semiconductor layer contains a crystal of
a metal oxide containing gallium or a mixed crystal thereof
as a main component.

7. The semiconductor apparatus according to claim 6,
wherein the n type semiconductor layer includes a crystal-
line oxide semiconductor having a corundum structure as a
main component.

8. The semiconductor apparatus according to claim 2,
wherein the n type semiconductor layer includes a crystal-
line oxide semiconductor having a corundum structure as a
main component.

9. The semiconductor apparatus according to claim 1,
wherein the p+ type semiconductor layer includes a crys-
talline oxide semiconductor having a corundum structure as
a main component.

10. The semiconductor apparatus according to claim 9,
wherein the n type semiconductor layer contains a crystal of
a metal oxide containing gallium or a mixed crystal thereof
as a main component.

11. The semiconductor apparatus according to claim 10,
wherein the n type semiconductor layer includes a crystal-
line oxide semiconductor having a corundum structure as a
main component.

12. The semiconductor apparatus according to claim 9,
wherein the n type semiconductor layer includes a crystal-
line oxide semiconductor having a corundum structure as a
main component.

13. The semiconductor apparatus according to claim 1,
wherein the n type semiconductor layer contains a crystal of
a metal oxide containing gallium or a mixed crystal thereof
as a main component.

14. The semiconductor apparatus according to claim 13,
wherein the n type semiconductor layer includes a crystal-
line oxide semiconductor having a corundum structure as a
main component.

15. The semiconductor apparatus according to claim 1,
wherein the n type semiconductor layer includes a crystal-
line oxide semiconductor having a corundum structure as a
main component.

16. The semiconductor apparatus according to claim 1,
wherein the semiconductor apparatus includes an nsulated
gate type semiconductor device or a Schottky gate.

17. The semiconductor apparatus of claim 1, further
including a Schottky barrier structure.



US 11,233,129 B2

15

18. The semiconductor apparatus according to claim 1,
wherein the semiconductor apparatus includes a power
device.

19. The semiconductor apparatus according to claim 1,
wherein the semiconductor apparatus includes a power
module, an inverter, or a converter.

20. A semiconductor system comprising a semiconductor
apparatus, wherein the semiconductor apparatus 1s a semi-
conductor apparatus according to claim 1.
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